[1] Quantitative evaluation of chemical transport models (CTMs) with aerosol optical depth (AOD) products retrieved from satellite backscattered reflectances can be compromised by inconsistent assumptions of aerosol optical properties and errors in surface reflectance estimates. We present an improved AOD retrieval algorithm for the MODIS satellite instrument using locally derived surface reflectances and CTM aerosol optical properties for the 0.47, 0.65, and 2.13 mm MODIS channels. Assuming negligible atmospheric reflectance at 2.13 mm in cloud-free conditions, we derive 0.65/2.13 surface reflectance ratios at 1°Â 1.25°horizontal resolution for the continental United States in summer 2004 from the subset of top-of-atmosphere (TOA) reflectance data with minimal aerosol reflectance. We obtain a mean ratio of 0.57 ± 0.10 for the continental United States, with high values over arid regions and low values over the Midwest prairies. The higher surface reflectance ratios explain the high AOD bias over arid regions found in previous MODIS retrievals. We calculate TOA reflectances for each MODIS scene using local aerosol optical properties from the GEOS-Chem CTM, and fit these reflectances to the observed MODIS TOA reflectances for a best estimate of AODs for that scene. Comparison with coincident ground-based (AERONET) AOD observations at 16 sites in the western and central United States in summer 2004 shows poor correlation in the daily data but the correlation improves as averaging time increases. Averaging over the available coincident observations (n = 11-44 days) results in strong correlations (R 0.47mm = 0.90, R 0.65mm = 0.67) and a 19% low bias, representing considerable improvement over the operational MODIS AOD products in this region.
Introduction
[2] Atmospheric aerosols are of major concern for public health and climate change, but their sources and atmospheric distributions remain poorly constrained. Observations to test global aerosol simulations from chemical transport models (CTMs) have been mainly confined to surface sites. Satellite-borne radiometers offer a new perspective for CTM evaluation and aerosol data assimilation by providing global aerosol optical depth (AOD) retrievals . In this regard, the Moderate Resolution Imaging Spectroradiometer (MODIS) instruments aboard the NASA Terra and Aqua satellites are a particularly valuable resource. These instruments have 7 dedicated wavelength bands for aerosol retrieval (0.47 mm, 0.55 mm, 0.65 mm, 0.85 mm, 1.24 mm, 1.65 mm, and 2.13 mm), a nadir resolution of 250-500 m, and a cross-track nadir swath of 2330 km providing global coverage every one to two days [Kaufman et al., 1997] . Daily AOD products have been retrieved operationally from the measured top-of-atmosphere (TOA) reflectances at 10 Â 10 km 2 resolution since February 2000 (Terra) and June 2002 (Aqua) [Remer et al., , 2006 .
[3] MODIS AODs are most reliable over the oceans Levy et al., 2005] . The collection 4 MODIS land AODs were subject to higher uncertainty and a persistent high bias Kinne et al., 2003; Chin et al., 2004; Matsui et al., 2004; Abdou et al., 2005; Levy et al., 2005] . A preliminary evaluation of the most recent collection 5 MODIS land AODs shows significant global mean improvement [Levy et al., 2007b ], but will require more studies to quantify regional improvements.
[4] The quality of land AOD products derived from MODIS depends critically on the ability to distinguish the atmospheric from the surface reflectance. This task is more difficult over land than over the ocean, where albedos are low and predictable (excepting glitter reflection cases) [Kaufman et al., 1997] . In the operational MODIS AOD retrieval over land, Level 2 TOA reflectances are estimated for every 10 Â 10 km 2 scene from the ensemble of Level 1 TOA reflectances at 0.5 Â 0.5 km 2 within that scene that are cloud-free and have low 2.13 mm surface reflectance, hence designated as ''dark targets'' [Gao et al., 2002; Martins et al., 2002; Remer et al., 2005 Remer et al., , 2006 Levy et al., 2007b] . Level 2 TOA reflectances are averaged from this ensemble of cloud screened, ''dark target'' pixels at 0.47, 0.65 and 2.13 mm, and are further corrected for gaseous absorption by water vapor and ozone [Remer et al., 2006; Levy et al., 2007b] . At 2.13 mm the atmospheric transmissivity is close to unity when aerosols are small or AODs are low, and the MODIS 2.13 mm band measures surface reflectance in these conditions. Visible surface reflectances at 0.47 and 0.65 mm are inferred from 2.13 mm TOA reflectances through specified 0.47/0.65 and 0.65/2.13 surface reflectance relationships. The collection 4 MODIS AOD algorithm uses a fixed value of 0.50 ratio for these reflectance relationships [Kaufman et al., 1997 Remer et al., 2005] . The most recent collection 5 algorithm allows the 0.65/2.13 surface reflectance ratio to vary over a range 0.39-0.67 based on locally retrieved Normalized Difference Vegetation Index (NDVI) values and the sun/satellite measurement geometry [Remer et al., 2006; Levy et al., 2007b] . In collection 5, the 0.47 mm surface reflectance is estimated by a 0.47/0.65 ratio of 0.49 plus an intercept of 0.005. (r 0.47 s = 0.49*r 0.65 s + 0.005) [Remer et al., 2006; Levy et al., 2007b] . The atmospheric reflectances at 0.47 and 0.65 mm are obtained by subtracting the surface reflectances from the measured TOA reflectances.
[5] Retrieving AODs from the residual atmospheric reflectances at 0.47 and 0.65 mm requires independent estimation of the wavelength-dependent single scattering albedo (w), which is the fraction of incident radiation that is scattered by an aerosol particle, and the scattering phase function (P), which characterizes the directional intensity of scattered light. These aerosol optical properties depend on the aerosol chemical composition, size distribution, phase, and mixing state [Wang and Martin, 2007] . The operational MODIS AOD algorithm assigns fixed aerosol optical properties for individual continental regions and seasons (collection 4: [Kaufman et al., 1997; Remer et al., 2005] and collection 5: [Remer et al., 2006; Levy et al., 2007a] ). A problem then in comparing the MODIS AODs to those generated by a CTM is that the CTM aerosol optical properties vary with the aerosol chemical composition in each model grid and time step and hence differ from those used in the MODIS retrieval. The comparison cannot be interpreted quantitatively in terms of an AOD discrepancy [Weaver et al., 2007] .
[6] This paper presents a new method for inferring AODs over land from MODIS reflectances. We use (1) locally derived 0.65/2.13 surface reflectance ratios from subsets of MODIS data with minimal aerosol reflectance, (2) local aerosol optical properties from a global CTM (GEOS-Chem), and (3) an external multiple scattering radiative transfer model to simulate TOA reflectances which we use to infer AODs. We demonstrate that this new approach improves the retrieval of AODs from MODIS over the western and central United States, a region that has been identified as particularly problematic for the operational algorithms Abdou et al., 2005] . Our method also allows quantitative evaluation of a CTM aerosol simulation through comparison of MODIS vs. CTM-derived TOA reflectances. Our study focuses on the continental United States during the July 1 -August 15, 2004 period of the ICARTT aircraft campaign [Fehsenfeld et al., 2006; Singh et al., 2006] [Gao et al., 2002; Martins et al., 2002] TOA reflectances (r l *) at wavelengths l = 0.47, 0.65, and 2.13 mm over land, calculated from the measured backscattered radiances I l :
where F l is the TOA solar radiation flux and m o is the cosine of the solar zenith angle. The Level 2 MODIS reflectances are corrected for ozone and water vapor absorption using climatological ozone profiles and water vapor from the National Centers for Environmental Prediction (NCEP), and suitable absorption cross sections taken from the literature Remer et al., 2006] . We did not find significant differences between the reflectances measured by Terra and Aqua during our study period.
[8] We associate each 10 Â 10 km 2 MODIS reflectance scene with 1°Â 1.25°grid squares for the continental United States, corresponding to the native resolution of the GEOS-Chem CTM. This yields 200-1000 measurements per grid square for the summer of 2004. We remove data where we expect sub-grid surface water contamination, diagnosed by 2.13 mm reflectance values less than 0.03 [Levy et al., 2005] .
[9] We also obtained collection 4 MODIS AODs (level 2, filtered in the same manner as the reflectances above) [Kaufman et al., 1997; Remer et al., 2005] and collection 5 MODIS AODs (level 3, quality assured) [Remer et al., 2006; Levy et al., 2007b] to compare with the MODIS AODs generated by our algorithm. Following the notation in the MODIS Algorithm Theoretical Basis Document (ATBD), we henceforth refer to collection 4 data as C004 and collection 5 data as C005 [Remer et al., , 2006 .
AERONET
[10] The global AERONET network consists of groundbased sun photometers that measure AODs at 0. 34, 0.38, 0.44, 0.50, 0.67, 0.87 , and 1.02 mm with an uncertainty of ±0.01 [Holben et al., 2001] . We used hourly level 2 AERONET AOD data (cloud screened and quality assured [Smirnov et al., 2000] ) from 31 stations in the United States and Canada. We selected AERONET AODs measured within ±1 hour of Terra and Aqua overpasses and compared them with the collocated MODIS AODs retrieved within the 1°Â 1.25°grid square associated with each station. While we required only one collocated MODIS and AERONET AOD, we frequently retrieved multiple MODIS AODs within each grid square. We interpolated the 0.44 mm and 0.50 mm AERONET AODs to 0.47 mm using the Angstrom exponent [Eck et al., 1999] and compared them with 0.47 mm MODIS AODs. We compared the 0.67 mm AERONET AODs with 0.65 mm MODIS AODs.
Derivation of Visible Surface Reflectances
[11] Following the notation of the MODIS ATBD , the TOA reflectance r l * observed by MODIS can be expressed as the sum of the atmospheric reflectance r l a and the surface reflectance r l s :
where q o is the solar zenith angle, q is the satellite zenith angle, f is the relative azimuth angle between solar and satellite directions and r l s (q 0 , q, f) is the bidirectional reflectance distribution function (BRDF) of the surface. The surface BRDF is corrected for the atmospheric attenuation of downward solar and upward line-of-sight beams in equation (2). Here F l (q 0 ) is the downward transmission function representing solar attenuation from TOA to the surface, T l (q) is the upward atmospheric transmission function, s l is the atmospheric reflectance for upward radiation, and the 1/(1 À s l r l ) term represents the summation over the infinite series of atmosphere-surface reflections.
[12] The atmosphere is approximately transparent at 2.13 mm except under cloudy or unusually dusty conditions, so that the clear sky TOA reflectance at that wavelength can be assumed equal to the surface reflectance, r 2.13 * = r 2.13 s . Further assuming that the angular dependence of the BRDF does not vary with wavelength , one can derive the surface reflectances at visible wavelengths by scaling to the 2.13 mm reflectance:
where the surface reflectance ratio x l is independently specified. We described in the Introduction how x 0.47 and x 0.65 are specified in the C004 and C005 MODIS operational retrievals. Since the atmospheric reflectance contribution is greater at 0.47 mm than 0.65 mm, deriving an estimate of x 0.47 is more difficult than for x 0.65 , as will be explained below. The C004 MODIS operational algorithm assumed x 0.47 = x 0.65 /2 [Levy et al., 2007b] and we do the same here. The C005 algorithm makes a similar assumption, as given in the Introduction.
[13] We present here a new approach to estimate the surface reflectance ratio x 0.65 for a given location from the relationship between the MODIS TOA reflectances at 0.65 and 2.13 mm. We use for this purpose the subset of local MODIS TOA reflectances with the lowest aerosol reflectance values, diagnosed as described below. Under such conditions, the atmosphere is optically thin so that the atmospheric reflectance varies linearly with AOD, and we can further assume s l ( 1. Equation (2) (5) using Rayleigh optical depths. Sample scatterplots are shown in Figure 1 for six 1°Â 1.25°grid squares, each containing an AERO-NET station. The lower envelope is well defined by a regression line (R = 0.99 in all cases), which demonstrates that a single scaling factor x 0.65 is appropriate for a given location and season under a range of viewing conditions. To quantify this lower envelope, we bin the 2.13 mm nadir scaled reflectances F 0.65 (q o )T 0.65 (q)r 2.13 * (q o , q, f)m o m sequentially in groups of eight and take the lower two of each group (blue squares in Figure 1 ). We then obtain x 0.65 from this subset as the slope of the reduced major axis (RMA) linear regression.
[15] The values of x 0.65 derived from Figure 1 range from 0.45 to 0.60. Figure 2 shows our map of derived x 0.65 values for North America during July 1 -August 15, 2004, together with the mean 2.13 mm MODIS TOA reflectances (r 2.13 * ) for that period. The spatial mean of the reflectance ratio is x 0.65 = 0.57 ± 0.10 for the continental domain, as compared to x 0.65 = 0.5 assumed in the MODIS C004 operational product . We find that x 0.65 is highest (0.5 -0.7) over the arid Southwest, parts of the eastern US, and the boreal forests in eastern Canada. It is lowest (0.3 -0.5) over the Midwest prairies. The 2.13 mm reflectances (r 2.13 * ) are highest in the arid Southwest, and lowest in forested regions in the eastern US and Canada. Bias in the x 0.65 estimate translates into a reverse bias in atmospheric reflectance estimates and retrieved AODs. We see that this bias is particularly important in arid areas where both the surface reflectance ratio x 0.65 and the 2.13 mm reflectances r 2.13 * are high. This explains the finding from a number of studies that MODIS AODs are biased high over arid regions Kinne et al., 2003; Chin et al., 2004; Matsui et al., 2004; Abdou et al., 2005; Levy et al., 2005] . We tried to apply the same method to derive 0.47/2.13 mm surface reflectance ratios x 0.47 from the observed nadir scaled reflectances, but were unsuccessful in defining a lower-envelope regression line. This can be explained by the stronger atmospheric scattering at 0.47 than at 0.65 mm, limiting the availability of data with sufficiently low atmospheric scattering to constrain the lower envelope. Therefore we assume x 0.47 = x 0.65 /2, following the MODIS Collection 4 ATBD [Kaufman et al., 1997; Remer et al., 2005] .
CTM Simulation of MODIS Reflectances
[16] As noted in the Introduction, a comparison of CTM AODs with MODIS AODs cannot be interpreted quantitatively in terms of AOD discrepancies if the aerosol optical properties assumed in the MODIS retrieval are inconsistent with those in the CTM simulation. We overcome this issue here by using local GEOS-Chem CTM aerosol information to simulate TOA reflectances for each 10 Â 10 km 2 MODIS scene. GEOS-Chem TOA reflectances are calculated at the time and location of each MODIS scene (including both Terra and Aqua overpasses) in the local sun-satellite geometry of the MODIS instrument. In a subsequent paper we will apply the method to compare MODIS and GEOS-Chem TOA reflectances for evaluation of the GEOS-Chem aerosol simulation; here we apply it to derive an improved MODIS AOD product.
[17] GEOS-Chem is driven by GEOS-4 assimilated meteorological data from the NASA Global Modeling and Assimilation Office (GMAO). The GEOS-4 data have 1°Â 1.25°horizontal resolution with 48 vertical layers and 6-h temporal resolution (3-h for surface properties).
We degrade the horizontal resolution to 2°Â 2.5°for the GEOS-Chem simulation. GEOS-Chem simulates mass concentrations for six aerosol types: (1) dust in five size classes, (2) sulfate, (3) nitrate, (4) black carbon (BC), (5) organic carbon (OC), and (6) fine and coarse mode sea salt. Detailed descriptions of the GEOS-Chem aerosol simulation including evaluations with surface observations in the US are given by Fairlie et al. [2007] for dust , Alexander et al. [2005] for sea salt, and Park et al. [2003 Park et al. [ , 2004 Park et al. [ , 2006 for the other aerosol types. Specific evaluation with ICARTT aircraft aerosol observations over eastern North America during summer 2004 is presented by Heald et al. [2006] . Biomass burning sources for the summer 2004 are from a daily inventory constrained by satellite fire counts [Turquety et al., 2007] .
[18] Aerosol optical properties in GEOS-Chem are derived from simulated aerosol mass concentrations by assuming that the aerosols have lognormal size distributions with typedependent size parameters, hygroscopic growth factors, and refractive indices taken from the Global Aerosol Data Set (GADS) [Koepke et al., 1997] . Hygroscopic growth is calculated using GEOS-4 relative humidity fields at the original 1°Â 1.25°resolution. A standard Mie code is used to calculate optical properties for each aerosol type. We assume an external mixture of aerosols and sum over aerosol types to generate an optical depth, an ensemble single scattering albedo, and an ensemble scattering phase function for each vertical model layer.
[19] The mean GEOS-Chem AODs and single scattering albedos for the MODIS overpass times (1030 and 1330 [20] We use the LIDORT discrete ordinate multiple scattering radiative transfer model Version 2.3 [Spurr et al., 2001; Spurr, 2002] to simulate TOA reflectances for each 10 Â 10 km 2 MODIS scene on the basis of the GEOS-Chem aerosol information. LIDORT provides exact treatment of the single-scattering radiation field and a pseudo-spherical capability to deal with solar beam attenuation in a curved atmosphere. We include molecular (Rayleigh) scattering based on the scattering cross sections from Bodhaine et al. [1999] weighted by the relative spectral response functions of the MODIS instrument (ftp://ftp.mcst.ssai.biz/pub/permanent/MCST/PFM_L1B_ LUT_4-30-99/L1B_RSR_LUT/). We scale Rayleigh optical depths using local GEOS-4 surface pressures. Polarization is neglected in this version of LIDORT.
[21] Figure 4 compares the TOA reflectances measured by MODIS for the July 1 -August 15, 2004 period to the reflectances simulated by LIDORT based on GEOS-Chem inputs. The surface reflectances used for this simulation were described in section 3. Also shown in Figure 4 is the aerosol contribution to the TOA reflectance, obtained as the difference between LIDORT calculations with and without aerosol. This contribution is small, highlighting the importance of accurately estimating surface reflectance in the AOD retrieval. For example, TOA reflectances at 0.65 mm are higher in the Southwest than in the Northeast because of high surface reflectances. GEOS-Chem shows maximum aerosol reflectances in the Northeast, consistent with the AERONET data (Figure 3) , and producing TOA reflectance maxima in the middle rows of Figure 4 . The MODIS TOA reflectance data show much less enhancement in the North- MODIS retrievals from this work (first panels) are compared to the operational products C005 [Remer et al., 2006] and C004 . Mean AERONET AODs for the same period are shown as circles.
east (top rows); this discrepancy is discussed briefly below and will be the topic of a subsequent paper.
Retrieving MODIS Aerosol Optical Depths
[22] We retrieve here MODIS AODs from the comparison of modeled (LIDORT/GEOS-Chem) to observed (MODIS) TOA reflectances (Figure 4 ) by fitting the modeled AODs to match the observed reflectances. The inversion is not linear, since the atmosphere cannot in general be assumed optically thin. Therefore the fitting is performed iteratively until the difference between modeled and measured reflectance is within Dr 0.47 * = ±0.005 and Dr 0.65 * = ±0.001. These limits correspond to the uncertainty caused by neglecting polarization in the radiative transfer code . This leads to precision limits of Dt 0.47 = ±0.05 and Dt 0.65 = ±0.01 in AODs retrieved for each scene. No further quality assurance is applied in the retrieval.
[23] Figure 5 is a flow chart of our AOD retrieval algorithm, and Figure 6 shows the mean 0.47 mm and 0.65 mm AODs derived over the continental US for the July 1 -August 15, 2004 period. In Figure 6 , our retrieval is compared to the C004 and C005 MODIS operational products. Mean AERONET AODs collected within ±1 hour of MODIS retrievals are plotted as filled circles for stations with at least 9 days of coincident measurements from the July 1 -August 15 period. Our retrieved AODs are consistent with AERONET AODs over the western and central US but too low for the two east coast sites (SERC and GSFC in Maryland with 12 and 13 days of coincident measurements respectively). The SERC and GSFC AERONET instruments recorded high AODs (>1.0) on a few days associated with high relative humidity, which we underestimate in our MODIS retrieval. These sites also show large diurnal variability, which is not seen at sites in the western and central US, and may require increasing the temporal window of AERONET data to match the 1°Â 1.25°spatial extent of MODIS AODs for an accurate comparison . These issues are unique to the SERC and GSFC and require further investigation; for now, we exclude these two sites from further discussion and focus on sites in the western and central US where the comparison between MODIS and AERONET is more robust.
[24] Figure 7 compares the mean of coincident MODIS and AERONET AODs for the 16 AERONET stations in the western and central US during July 1 -August 15, 2004. Values are given for each site in Table 1 . Our retrieved AODs are strongly correlated with the AERO-NET observations at 0.47 mm (R = 0.90), with a mean bias of À19% as indicated by the RMA slope. At 0.65 mm the correlation is weaker (R = 0.67) but the bias is similar to that at 0.47 mm. We expect the retrieval at 0.65 mm to be noisier than at 0.47 mm because the surface reflectance is larger while the aerosol reflectance is weaker. At both wavelengths, we achieve considerable improvement over the operational MODIS products in this region, for which correlations with the AERONET data are poor and show large positive bias.
[25] The comparisons of MODIS vs. AERONET in Figure 7 are based on averaging over 11 to 44 days of data depending on the site (see Table 1 ), corresponding to the availability of coincident observations over July 1 -August 15, 2004. We examined the quality of the MODIS retrieval at shorter timescales by averaging the MODIS and AERONET AODs over time periods ranging from 1 to 9 days. We calculated the correlations and RMS errors for each averaging period, and the results are shown in Figure 8 . We find that our daily retrievals are not reliable (R = 0.32, RMSE = 0.10 at 0.47 mm) but weekly retrievals are much better (R = 0.64, RMSE = 0.05) though still not as good as the retrievals averaged over the full 11-44 days (R = 0.90, RMSE = 0.04). The operational C004 and C005 MODIS retrievals are less successful than our retrieval over all averaging times, with R values remaining below 0.6 and RMSEs remaining in excess of 0.10. R decreases with averaging time for C005 which reflects the different patterns of bias in the western and central US (Figure 6 ) that are sampled differently for each averaging time. RMS errors decrease with averaging time for all MODIS retrievals. Table 1 . Values are means for the July 1-August 15 period. MODIS retrievals from this work (first panels) are compared to the MODIS operational retrievals C005 (second panels) and C004 (third panels). Correlation coefficients (R) and root mean square errors (RMSE) are shown. We include the RMA regression lines (dotted) and corresponding slopes (inset) for our retrieved AODs, but not for the C004 and C005 AODs because their correlations are not significant at the 95% confidence limit. The 1:1 line is shown as dashed.
[26] In an effort to understand the source of error in our daily MODIS AOD retrieval, we correlated the difference between the daily MODIS vs. AERONET AODs with different variables including the fraction of cloud cover, the 2.13 mm reflectance intensity, the scattering geometry, the relative humidity, the number of 10 Â 10 km 2 MODIS reflectance data entering into the 1°Â 1.25°average, and the number of ''dark target'' pixels in the Level 1 data used to calculate Level 2 reflectance statistics. We did not find a strong correlation with any of these variables.
Conclusions
[27] We have developed a new method for retrieving aerosol optical depths (AODs) over land from top-ofatmosphere (TOA) reflectances observed by the MODIS satellite instrument, and applied this method to continental North America during the summer of 2004 (July 1 -August 15). In this method we first obtain local estimates of visiblechannel surface reflectances derived from a subset of the reflectance data where the aerosol contribution to TOA reflectance is small. These surface reflectances are used to isolate the atmospheric reflectance signal from the TOA reflectance measured by MODIS. We then use local aerosol optical properties from a chemical transport model (GEOSChem CTM) as input to a multiple scattering radiative transfer model (LIDORT) to generate TOA reflectances for each 10 Â 10 km 2 MODIS scene. AODs are then retrieved by fitting the simulated reflectances to the MODIS Table 1 and for the July 1 -August 15, period: correlation coefficients (top) and root mean square errors (bottom). Results from our MODIS retrieval algorithm (black symbols) are compared to the operational C005 (red) and C004 (blue) MODIS retrievals. Dashed lines are regressions added to aid the eye.
TOA reflectances. Aside from any advantage gained from the use of local CTM aerosol optical properties rather than mean climatology to constrain the retrieval, this method ensures consistency between MODIS and CTM AODs (or TOA reflectances) for purposes of quantitative comparison.
[28] As in the MODIS operational product [Remer et al., 2006] , we assume that the MODIS 2.13 mm channel measures the surface reflectance (the atmosphere is transparent at that wavelength), and infer the surface reflectances at 0.47 and 0.65 mm (MODIS visible channels) by simple scaling. We determine the local 0.65/2.13 surface reflectance ratio (x 0.65 ) in each 1°Â 1.25°grid square from the lower envelope of the relationship between 0.65 mm and 2.13 mm TOA reflectances observed by MODIS. This lower envelope is well approximated by a regression line (R = 0.99), supporting the use of a constant scaling factor x 0.65 for a given location. For continental North America in summer we find a mean ratio x 0.65 = 0.57 ± 0.10, higher than the operational MODIS AOD algorithm values of x 0.65 = 0.50 (C004) and x 0.65 = 0.39 -0.67 (C005). We find high x 0.65 values (0.5 -0.7) over the arid Southwest and over forested regions of the East, and low values (0.3 -0.5) over the Midwestern prairies. The high x 0.65 values over the Southwest coincide with particularly high surface reflectances, where an underestimate of x 0.65 leads to a large overestimate in retrieved AOD. We can thus explain why the operational MODIS C004 AODs used in a number of aerosol characterization studies have been found to be biased high over land and particularly in arid regions Kinne et al., 2003; Matsui et al., 2004; Abdou et al., 2005; Levy et al., 2005] .
[29] We used aerosol optical properties derived from the GEOS-Chem CTM in conjunction with the LIDORT radiative transfer model to generate simulated TOA reflectances for comparison with the MODIS data. We then retrieved AODs for each MODIS scene by iteratively scaling the GEOS-Chem AODs to fit the observed TOA reflectances. We compared this AOD retrieval to the operational MODIS AOD products (C004 and C005) and to coincident groundbased AOD observations from the AERONET network averaged over the July 1 -August 15, 2004 period. We found a considerable improvement in our MODIS retrieval over the western and central US, with high correlation to the AERONET data (R = 0.90 at 0.47 mm) and a 19% low bias. In contrast, the operational MODIS products show poor correlation and a strong bias in comparison to the AERO-NET data for that region. The retrieval of AODs is much better at 0.47 than at 0.65 mm because of the higher signal to noise ratio. The quality of the retrieval was much less in the eastern US and we will address that issue in a subsequent paper.
[30] We determined the quality of our MODIS retrieval over the western and central US for different averaging times through corresponding comparison with AERONET. Poor correlation (R = 0.32 at 0.47 mm) is found in the daily data. This improves with weekly averaging to (R = 0.64). Our retrieval is more successful than the C004 and C005 operational retrievals for all averaging times in this region. Interpretation of daily MODIS AOD data over western North America should be subject to much caution.
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